Ag dendritic nanostructures were synthesized on fluorine-doped tin oxide covered glass substrates by the electrodeposition method. Results demonstrate that the size, diameter, crystallinity, and branch density of the Ag dendrites can be controlled by the applied potential, the surfactants and the concentration of AgNO 3 . Three kinds of typical silver dendrites were applied as substrates of the surface enhanced Raman scattering (SERS) and one of them was able to clearly detect rhodamine 6G concentrations up to 0.1 nmol/L. The differences of the SERS spectra at these Ag dendrites confirmed that the shapes and interparticle spacings have great effect on Raman enhancement, especially the interparticle spacings.
I. INTRODUCTION
A variety of approaches have recently been demonstrated for the shape-controlled synthesis of noble metal nanostuctures because their properties and applications are influenced greatly by their morphologies [1] . Dendritic and fractal structures, with high surface areas, composed of major trunks and many hierarchical side branches, provide a great opportunity to improve their properties in the applications of wide variety of fields such as fuel cell [2, 3] and hydrogen storage [4] . Silver dendritic nanostructures have received considerable attention because of their potential applications in catalysis [5] and superhydrophobicity [6] . Recently, various methods have been developed to prepare silver dendritic nanostructures, such as galvanic replacement reactions in Sn/AgNO 3 systems [7] , ultrasonic waves with Raney Ni as a template and reducing agent [8] , and electrodeposition in dilute AgNO 3 solution [9] . Among these methods, electrodeposition, which can control the growth of nanostructures on the substrate directly by applied potential, is an effective way for the controlled synthesis of dendrites [10−13] .
In the electrochemical deposition system, favorable adsorption of surfactants or anions on certain planes can induce anisotropic growth and favor the formation of silver dendritic nanostructures [14, 15] . As reported by Gu et al., low surface energy substrates are beneficial for dendrite growth [10] . Besides the experimental studies, many theoretical models have been proposed to analyze fractal or dendrite formation and evolution [16−18] . However, the controls of the branch diameters or densities, the surface morphology, as well as the formation mechanism of the dendritic silver nanostructures have not been fully explored. PVP and citrate were commonly employed in the synthesis of noble metal nanostructures with shape control [19] . The presence of such capping agents can change the order of free energies for different crystallographic planes, and thus their relative growth rates. For example, PVP is a polymeric capping agent whose oxygen atoms bind most strongly to the {100} facets of Ag [20] . In contrast to PVP, citrate have been found to bind most strongly to {111} facets of Ag [21] . The relative growth rate along the 111 and 100 directions determined the final morphology of the electrodeposite [22] . Although PVP or citrate have been widely used to control synthesis of various nanostructurs [19] , such as cubes, octahedrons, and cuboctahedrons, they have never been used to control the size and morphology of the electrodeposited Ag dendrites.
In the surface-enhanced Raman spectroscopy (SERS), it is currently widely accepted that the Raman signal is enhanced primarily because of the electromagnetic enhancement effect, which is caused by the excitation of collective oscillations of the conduction electrons in a nanometer-sized metal [23] . Many kinds of silver nanostructures have been widely applied as substrates for SERS [24−26] and single molecule detection can be achieved on silver nanoparticles [27] . However, there are few reports on the SERS properties of the dendritic silver nanostructures. More recently, Maboudian et al.
reported silver dendrites from galvanic displacement on commercial aluminum foil as an effective SERS substrate [28] . It is well known that the SERS is a very local phenomenon occurring at tips or in pores of the rough surface, where are potential "hot spots" for local near-filed enhancement effects [29] , and interparticle junctions produce the strongest SERS signals when two or more metal nanoparticles are brought together closely [30] . Formation of those junctions can be achieved in the formation of various silver dendrites. So, control over the morphology and size of silver dendrites is vital to achieve sensitive and reproducible SERS substrates. Herein, we describe a high-yield, controlled synthesis of Ag dendritic nanostructures by electrodeposition on fluorine-doped tin oxide (FTO) covered glass substrates. The morphologies of the deposits can change from 3-dimensional (3D) flower-like microstructures to dendritic nanosturtures, with branches composed of hexagon plates, wires or leaves, under a given set of conditions. The surfactants and the Ag ion concentration have large influence on the size, shape and branch density of the dendrites, and proper mechanism was proposed to explain the influences. For rhodamine 6G (R6G) molecules, at concentrations up to 0.1 nmol/L, Raman signals can still be clearly observed from the optimized silver dendritic nanosturtures.
II. EXPERIMENTS
Silver nitrate, sodium citrate, poly (vinyl pyrrolidone) (PVP, molecular weight is 4×10 4 ), R6G and FTO covered glass were obtained from Sinopharm Chemical Reagent Co. Ltd. All reagents were used as received. The electrodeposition was performed with a standard three-electrode system (CHI620B). An Ag/AgCl electrode in saturated KCl solution was used as the reference electrode and a platinum coil was used as the counter electrode. In a typical synthesize, the electrodeposition was −0.6 V, the deposition time was 30 min, and the solution freshly prepared contains 0.01 mol/L AgNO 3 , 5 g/L PVP and 0.25 mmol/L sodium citrate.
The as-prepared Ag dendrites were characterized by field emission scanning electron microscopy (FE-SEM, JEOL JSM-6700F), high-resolution transmission electron microscopy (HRTEM, JEOL model 2010), and powder X-ray diffraction (XRD) (MAC MXPAHF with Cu Kα radiation). The UV-Vis absorption spectra were collected using a Shimadzu UV-Vis-NIR spectrophotometer (Solidspec-3700 DUV).
For preparations of SERS substrates, the synthesized Ag dendrites on the 1 cm×1 cm FTO substrates were washed with water and then ethanol and dried in air. Then the substrates were immersed in 10 nmol/L aqueous solution of R6G for 30 min and taken out, rinsed with deionized water, and finally dried in air. The Raman instrument used in this study was in confocal configuration (LABRAM-HR) and excited by an Ar laser (514 nm). The laser beam was focused on the sample in a size of about 2 µm. The acquisition time was 1 s for each spectrum. For each sample, we took SERS spectra at five different positions of the substrate and then averaged them. In a control experiment, 0.1 nmol/L aqueous solution of R6G was used.
III. RESULTS AND DISCUSSION
A. Synthesis and structural analysis of silver dendrites Fig.1(b) . As the negative potential was increased from −0.2 V to −0.6 V, the branches changed from assembles of hexagon plates to nanowires, as shown in Fig.1 (c) (sample 3). Each branch also acts as a trunk to support the growth of Ag nanowires. The diameter of the branches was about 20−50 nm and their length was up to 10 µm. However, the patterns of the Ag dendrites were not ordered and symmetrical when the negative potential increased to −0.9 V, as shown in Fig.1(d) . Some nanoparticles with diameter less than 20 nm were attached to the nanorods with diameter around 100 nm.
Besides controlled by the applied potential, which is the driving force of the reaction [31] , the formation and morphology of the Ag deposits also depends on the surfactants. At the applied potential of −0.6 V, without surfactant, dendritic structures with diameter of about 1 µm were obtained on the FTO substrates, as shown in Fig.2(a) . The surfactants used here were PVP, citrate, and the mixed PVP/citrate. Both the PVP and citrate are unable to reduce silver at room temperature. Figure 2 (b) shows the SEM image of the deposited Ag dendrites in the presence of PVP. The diameter was about 200−300 nm and the branch length was about 1 µm. The diameter was almost 10 times larger and the length of the branches was much shorter compared to the sample prepared with sodium citrate/PVP as shown in Fig.1(c) . If only citrate was used as the surfactant, as shown in Fig.2(c) , dendtritic nanostructures with a diameter of 80−120 nm were obtained, and they were more regular and symmetrical than the products synthesized with PVP as shown in Fig.2(b) . The diffusion of Ag ion and the growth rate of Ag crystals are determined by the concentration of Ag ions in the solution, which finally governs the morphology of the deposits. At the applied potential of −0.6 V, the diameter of the branches decreased from 200−300 nm to 60−100 nm while the concentration of AgNO 3 decreased from 10 mmol/L to 5 mmol/L, as shown in Fig.3(a) (sample 4) . If the concentration of AgNO 3 decreased to 1 mmol/L, the product was dominated by nanoparticles of about 50−100 nm, as shown in Fig.3(b) (sample 5). The surface roughness and the diameter of the particle were similar to the branch of sample 4. When electrodeposition with the solution containing mixed PVP/citrate, the diameter of the Ag dendritic nanostructures was less than 50 nm and almost unchanged when the concentration of AgNO 3 decreased from 10 mmol/L to 5 mmol/L, while the density of the branches and leaves decreased, as shown in Fig.3(c) . Figure 4 shows the XRD patterns of three typical Ag dendrites. All of the peaks, except those arising from the FTO substrates, can be referenced to the corresponding (111), (200), (220), and (311) planes for pure face-centered cubic (fcc) silver. For these Ag dendrites, the peak intensity ratios of the (111) grains (the conventional value is 2.5). The XRD results indicate that the as-deposited dendritic silver crystals possess abundant {111} crystalline planes. The stability of {111} planes in the presence of PVP indicates that the shape control may not be explicitly controlled by the capping polymer. Rather, this crystal growth seems to result from a kinetically limited equilibrium [32] . Figure 5 (a) shows a TEM image of a typical branch of silver dendrite shown in Fig.1(c) (sample 3) . The structure also composed of trunks, branches, and leaves. Figure 5(b) shows the selected area electron diffraction (SAED) pattern of the region marked in Fig.5(a) , indicating the single crystalline characteristic of these silver dendritic nanostructures. The box spot is the formally forbidden 1/3 {422} Bragg reflection. This reflection is usually observable from atomically flat surfaces of silver (or gold) [33, 34] , which is attributed to the presence of twin planes in the {111} plane perpendicular to the electron beam [35] . However, some elongated diffraction spots could be explained as crystal defects at the interface, illustrating the imperfect single crystal of the nature of the silver dendrite. Figure 5 (c) shows a high-resolution TEM image of a branch/trunk junction, which present the normally forbidden 1/3 {422} lattice spacing of the fcc structure of silver crystal. The edge dislocation was highlighted by a dark ellipse, which was usually formed to release the stored energy or strain [36] . Figure 5(d) shows a TEM image of the sample 4. The leaf tip presents a facet shape rather than round shape of the sample shown in Fig.5(a) . The SAED pattern of the circled area in Fig.5(d) indicates a perfect single crystal, as shown in Fig.5(e) . Figure 6 shows the typical SEM images of asdeposited Ag crystallites electrodeposited with the mixed PVP/citrate solution at −0.6 V for 10 s, 30 s, and 5 min, respectively. As shown in Fig.6(a) , the typical morphology of the FTO substrate was indicated by a circle and some Ag dendritic nuclei were found on the rough surface at the initial stage of electrodeposition. The electric filed leads to the deposition of silver on the particle edges and thus forms nanowires as the trunk. The diffusion of the ions may lead to the nucleation of Ag on the trunk which finally resulted in the formation of dendritic structures [9] , as shown in Fig.4(b) . When the deposition time extended to 5 min, the Ag dendrites grow longer with almost the same branch diameter, as shown in Fig.6(c) .
B. Growth mechanism and influence of deposition conditions
The applied potential is the driving force of the electrodeposition reaction. 3D flower-like microstructure deposited at low driving force follows diffusion controlled growth and deposition occurs by an instantaneous mechanism [37] . The formation of leaf-like flakes can be attributed to citrate absorbed on the {111} faces of the Ag crystallize, which was supported by the SAED patterns of the flakes (see supplementary ma- terial, Fig.S1 ). When a high negative potential was applied, the progressive formation of nuclei and the oscillatory character in the nucleation kinetics can be used to explain the formation of the branched fractal patterns. As reported by Fleury [38] , a critical surface field, which is a physical constant of the surface, is needed for nucleation of a new grain and the growth of the grains inhibits new nucleation because of the surface field collapses. However, the growth speed of the grains decreases as the length of the nuclei increased and the space charge forms close to the surface owing to migration of cations and thus new nucleation events happens. From this model, we can explain the influences of deposition conditions including the surfactant, the concentration of AgNO 3 , and the applied potential. The surfactant play an important role during the nucleation and growth processes in controlling the morphology, size and shape of the deposits. The sizes of deposits were 200−300 nm in PVP (Fig.2(b) ), 80−120 nm in citrate (Fig.2(c) ), 20−50 nm in the mixed PVP/citrate (Fig.1(c) ) and about 1 µm without the surfactant (Fig.2(a) ) while other conditions kept the same. Both PVP and citrate work as capping agents on the growth of Ag nanocrystals and prevent their crystallites from rapid growth [21] . On the basis of the oscillatory character in the nucleation kinetics mentioned above, the inhibition of crystallite growth induces much more new nucleation. So the grain size is much smaller and the nucleation period is much shorter. It is believed that polymeric capping agents work differently from small molecules with only a few binding sites [39] . PVP is a less effective stabilizer than citrate at the early age stages of particle formation [40] . PVP and citrate also act as coordinate agent, which is found to accelerate the particle formation and lower the deposition rate of Ag on cathode [41, 42] . Apart from the size control, the surfactant used render a tight control of the deposit shape. It is found that the dendritic nanostructures were much smoother when citrate was used [9] .
On the basis of the oscillatory character in the nu- cleation kinetics, the growth speed of the grains and the nucleation rate both increased when the concentration of AgNO 3 increased. As illustrated in Fig.7 , when the AgNO 3 concentration increased, the density of the branches increased with almost unchanged dimension in the presence of mixed PVP/citrate while the dimension changed almost 10 times in the solution contains only PVP. For the dendrites synthesized in the mixed PVP/citrate solution, the diameter was almost unchanged with time. However, if only PVP was used and the other conditions are kept the same, the Ag dendrites growth larger as time prolonged (see supplementary material, Fig.S2 ). It is because that PVP, comparing to citrate, is less effective to prevent the growth of the crystallites [40] . The influence of the applied potential could also be explained by the oscillatory model: the grain size is smaller and the period is shorter for larger fields in the bulk. The ability to control the morphology and size of the silver dendrites is of importance to tune the optical properties and meet the needs of applications such as SERS and superhydrophobicity.
C. Extremely high SERS enhancement of dendritic silver structures
The SERS sensitivity of these silver dendrites was tested using R6G molecules. For a comparison, 3D flower-like silver microstructures composed of leaf-like flakes (sample 1) and silver nanoparticles with diameter of 50−100 nm (sample 5) were used as reference samples. Figure 8 shows the SERS spectra of the 10 nmol/L R6G molecule obtained from sample 1 to 5, respectively. Clearly, a type of Ag dendrites (sample 4) exhibits the highest enhancement efficiency with the 514 nm excitation. The intensity of the peak at 1648 cm stronger than that from Ag nanoparticles with similar size (sample 5). This large difference in the SERS enhancements is most likely to result from the difference in the structure. Since interaction of the particles in the dendritic or fractal structures leads to a redistribution of the plasmon amplitude from a large number of particles into much large amplitude on a few localized particles [43] , we suggest that super-hot sites are produced and exhibit a large contribution to SERS. We have also examined the different enhancement efficiency among the three types of silver dendrites. The integrated intensity of 1648 cm −1 Raman band from sample 4 is about 40 times stronger than that from sample 3, which gives almost the same order enhancement with the sample 2. By comparing the TEM images (Fig.5 ) of these two types of dendrites, we can found that there are many sub-10 gaps in sample 4, while the particle distances in sample 3 were almost larger than 10 nm. It should be noted that the interparticle plasmon coupling is extremely important for the intense enhancement of the SERS signal. The interparticle spacings required to achieve large SERS enhancements are in the sub-10 nm range [44] , which is responsible for the major portion for the different enhancement efficiency of these silver dendrites.
It is well known that the highest electric-field enhancement arises when the irradiation wavelength is resonant with the SPR maximum [45] . Figure 9 shows UV-Vis absorption spectra of three kinds of as-prepared Ag dendrites. The sample 3 has a plasmon peak at about 390 nm while sample 4 shows a peak at about 420 nm. The dendritic structure with leaves assembled of hexagon Ag plates with edge length of about 200 nm (sample 2) displays a broad peak extending into the near infrared regions. For 514 nm laser used in SERS measurements, the sample 4 have the red-shift SPR to 420 nm and it is expected to have stronger enhancement. The shape of nanostructures in sample 4 should also be considered in the SERS activity. Previous work by Zhang et al. studied the SERS spectra of rhodamine B at the surface of three distinct shapes [46] , and they have concluded that the nanoparticles exhibit better enhancement compared to nanowires, and nanowires are better than nanoplates. Similarly in our case, the sample 4 with branches composed of nanoparticles exhibits better enhancement than sample 3 with branches mainly composed of nanowires. Figure 10 shows typical SERS spectra of 0.1 nmol/L R6G on sample 4, demonstrating a very good signalto-noise ratio with a 10 s integration time. Comparing to the nanoparticle colloids produced by solutionphased method, the silver dendrites were directly electrodeposited on the substrate, which avoids the poor reproducibility arising from particles random aggregate upon drying. Moreover, the silver dendrites could directed electrodeposited not only on FTO covered glass substrates, but also on flexible polyethylene terephthalate substrates coated with indium doped tin oxide.
IV. CONCLUSION
The Ag dendritic nanostructures have been fabricated on FTO covered glass substrates by the electrodepositon method and have been used as SERS substrates which exhibit extremely high SERS activity. An advantage of the prepared method reported here is that the size, shape, and branch density of the silver dendrites can be varied by the applied potential, the surfactants, and the concentration of AgNO 3 . The general trends in the formation of the structures have also been identified. The dendrite surfaces can therefore be precisely tailored to tune the interparticle spacings and surface plasmon modes to match the requirements of the SERS experiment. The Ag dendrites prepared in PVP solution with diameter of 60−100 nm and many sub-10 nm interparticle spacings exhibit much better surface enhanced Raman scattering than those dendrites with diameter of 20−50 nm and interparticle spacings larger than 10 nm prepared in mixed PVP/citrate solution. Alloy or composite dendrites for further applications could also be prepared by this easy controlled electrode-position method.
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